Maximal strength training (MST) reduces pulmonary oxygen uptake (V O2) at a given submaximal exercise work rate (i.e., efficiency). However, whether the increase in efficiency originates in the trained skeletal muscle, and therefore the impact of this adaptation on muscle blood flow and arterial-venous oxygen difference (a-vO 2diff), is unknown. Thus five trained subjects partook in an 8-wk MST intervention consisting of half-squats with an emphasis on the rate of force development during the concentric phase of the movement. Pre-and posttraining measurements of pulmonary V O2 (indirect calorimetry), single-leg blood flow (thermodilution), and single-leg a-vO2diff (blood gases) were performed, to allow the assessment of skeletal muscle V O2 during submaximal cycling [237 Ϯ 23 W; ϳ60% of their peak pulmonary V O2 (V O2peak)]. Pulmonary V O2peak (ϳ4.05 l/min) and peak work rate (ϳ355 W), assessed during a graded exercise test, were unaffected by MST. As expected, following MST there was a significant reduction in pulmonary V O2 during steady-state submaximal cycling (ϳ237 W: 3.2 Ϯ 0.1 to 2.9 Ϯ 0.1 l/min). This was accompanied by a significant reduction in single-leg V O2 (1,101 Ϯ 105 to 935 Ϯ 93 ml/min) and single-leg blood flow (6,670 Ϯ 700 to 5,649 Ϯ 641 ml/min), but no change in single-leg a-vO2diff (16.7 Ϯ 0.8 to 16.8 Ϯ0.4 ml/dl). These data confirm an MSTinduced reduction in pulmonary V O2 during submaximal exercise and identify that this change in efficiency originates solely in skeletal muscle, reducing muscle blood flow, but not altering muscle a-vO2diff. oxygen consumption; blood flow; work economy DURING CYCLE EXERCISE, at a given submaximal work rate (WR), pulmonary oxygen uptake (V O 2 ) is similar between individuals of varying aerobic capacities [peak V O 2 (V O 2peak )] (34). This is true despite the complex, systemwide metabolic costs of exercise, such as ventilatory and cardiac muscle work, ion transport, and exercise-induced alterations in thermoregulation and metabolism, each of which may influence the V O 2 /WR relationship (6, 39, 43) . Thus work efficiency, measured as the ratio of pulmonary V O 2 to work accomplished during submaximal steady-state cycling, is a global assessment of metabolic demand and may be influenced by a change in any of these systems. Therefore, a perturbation or stressor, such as maximal strength training (MST), which has been determined to alter work efficiency (22, 26, 42) , may not simply be attributed to a change in efficiency of the exercising muscle.
DURING CYCLE EXERCISE, at a given submaximal work rate (WR), pulmonary oxygen uptake (V O 2 ) is similar between individuals of varying aerobic capacities [peak V O 2 (V O 2peak )] (34). This is true despite the complex, systemwide metabolic costs of exercise, such as ventilatory and cardiac muscle work, ion transport, and exercise-induced alterations in thermoregulation and metabolism, each of which may influence the V O 2 /WR relationship (6, 39, 43) . Thus work efficiency, measured as the ratio of pulmonary V O 2 to work accomplished during submaximal steady-state cycling, is a global assessment of metabolic demand and may be influenced by a change in any of these systems. Therefore, a perturbation or stressor, such as maximal strength training (MST), which has been determined to alter work efficiency (22, 26, 42) , may not simply be attributed to a change in efficiency of the exercising muscle.
For over a decade, studies have documented that the use of MST, which consists of high loads and few repetitions, with an emphasis on the maximal rate of force development, improves work efficiency in both sedentary (22) and aerobically trained individuals (26, 42) , and this MST-induced change is even more evident during high-intensity exercise (22) . While it is reasonable to expect enhanced intramuscular efficiency to be a major contributor to this documented improvement in work efficiency, an attenuated O 2 cost, external to the exercising muscle (i.e., respiratory and cardiac muscle work), might also play a role. However, there is some indirect evidence supporting functional adaptations within the exercising muscle which may contribute to an improvement in intramuscular efficiency. Specifically, following MST, there is an increase in the rate of force development (26) . As previously documented during isometric exercise, the ATP cost of initiating muscle shortening is greater than that needed to maintain developed force (36) . The ability to generate force more rapidly following MST could potentially prolong the duration of the contraction phase devoted to the maintenance of developed force, possibly reducing muscle metabolic rate. However, the effect of MST on muscle metabolism per se has not been directly measured and so remains unknown.
As described by the Fick equation, skeletal muscle V O 2 is the product of blood flow and the difference between arterial and venous [O 2 ] (a-vO 2diff ). Therefore, a given reduction in skeletal muscle V O 2 may be achieved by a reduction in either a-vO 2diff , blood flow, or reductions in both variables. As a major component of O 2 delivery, which is tightly related to O 2 demand (33), skeletal muscle blood flow typically follows the metabolic rate of the exercising muscle (9, 12) . However, there is only a single study, performed by our group (19) , investigating the contribution of altered skeletal muscle blood flow to the enhanced work efficiency following MST. Somewhat surprisingly, findings from this study revealed an MST-induced increase in work efficiency during arm exercise, assessed by pulmonary V O 2 , with no change in muscle blood flow. If MST does, in fact, increase muscular efficiency, this most recent finding adds an unexpected twist in the tale in terms of how the components of the Fick equation, blood flow and a-vO 2diff , may respond to this reduction in skeletal muscle V O 2 .
Therefore, the purpose of this study was to determine if the MST-induced reduction in pulmonary V O 2 during submaximal steady-state exercise is due to a decrease in the trained skeletal muscle V O 2 , and, if this is the case, document which components of the Fick equation, blood flow or a-vO 2diff , contribute to this effect. Specifically, we hypothesized that improved intramuscular efficiency contributes significantly to the reduction in pulmonary V O 2 at a submaximal WR following MST. Furthermore, based upon previous observations with this intervention (19) , we hypothesized that the improvement in intramuscular efficiency would be achieved by maintaining skeletal muscle blood flow, but reducing muscle a-vO 2diff .
METHODS
This study was approved by the University of California, San Diego, Human Subjects Committee. Each subject gave written informed consent before participating in the study. All studies were performed according to the Declaration of Helsinki.
Subjects. Six healthy, nonsmoking, male cyclists who regularly rode 200 -400 miles/wk, volunteered to participate in this study. The physical characteristics of the subjects were as follows: 26 Ϯ 2 (SE) yr of age, 180 Ϯ 1 cm height, and 70 Ϯ 1 kg body weight.
Pre-and posttests. Following initial familiarization visits to acquaint subjects with the testing procedures, all subjects reported to the laboratory for pre-and posttraining assessments on two separate days. During the initial visit, subject's one repetition maximum (1RM) for a half-squat, defined as the maximum weight that could be moved from an upright standing position to a knee angle of 90°and returning back to a knee angle of 180°, was determined. To assess the rate of force development, subjects performed maximal isometric knee extension with force measured by a force transducer (Revere Transducers, Tustin, CA) attached to the ankle. Prior to each study, the force transducer was calibrated using a dynamometer (Dynamometer 22, Dresden, Germany). All rate of force development measurements were performed with a knee angle of 90°and were measured from 10 to 90% of peak force. Data were collected at 2,000 Hz (Acknowledge, Biopac Systems, Goleta, CA). Subjects rested for 30 min, and then performed an incremental cycling exercise test to determine peak V O2 (V O2peak) and peak WR (WRpeak) on an electronically braked cycle ergometer (Lode Excaliber, Groningen, Netherlands). The test consisted of 1 min WR increments of 25 W at 60 rpm until volitional fatigue. Pulmonary V O2 was measured with a mixing chamber-based indirect open-circuit calorimetry system (Parvomedics, Sandy, UT) integrated with a mass spectrometry system (Perkin-Elmer MGA 1100).
Subject preparation, blood flow, and arterial blood pressure measurements. Within 3 days of the initial visit, subjects returned to the laboratory. Two catheters (femoral artery and femoral vein; DS 400L, Cook, Bloomington, IN), each with an external diameter of 1.25 mm, and a thermocouple (femoral vein) were placed in the same leg using sterile techniques, as previously reported (30, 32) . The 0.64-mm-diameter thermocouple (model IT-18, Physitemp Instruments, Clifton, NJ) was advanced from approximately the same location as the venous catheter, proximally 10 cm into the left femoral vein. During exercise, cold saline was infused through the venous catheter at flow rates sufficient to decrease blood temperature by ϳ1°C. Infusions continued for 10 -15 s, or until femoral vein temperature stabilized. Saline injection rate was measured by weight change in a reservoir bag suspended from a force transducer. Single-leg blood flow was calculated based on the thermal balance principle as described by Andersen and Saltin (3) and expressed as the average of duplicate measurements. Arterial blood pressure measurements were collected continuously from the indwelling catheter placed in the femoral artery with the pressure transducer placed at the level of the catheter (Transpac IV, Abbott Laboratories). Mean arterial pressure (MAP; mmHg) was calculated as diastolic arterial pressure ϩ (arterial pulse pressure ϫ 0.33).
Blood analyses. Femoral arterial and venous blood samples (3-4 ml) were drawn anaerobically. Partial pressure of oxygen (PO2) was measured by a blood gas analyzer (IL 1306, Instrumentation Laboratories, Lexington, MA), and hemoglobin (Hb), oxyhemoglobin, saturation (SO 2), and hematocrit (Hct) by CO-oximeter (IL 482, Instrumentation Laboratories, Lexington, MA). Arterial and venous blood oxygen content (CaO2 and CvO2) (ml/dl) were calculated as: blood oxygen content ϭ 1.39 (Hb) ϫ (SO2/100) ϩ 0.003 ϫ PO2. Single-leg V O2 (ml/min) was calculated as: single-leg V O2 ϭ femoral a-vO2diff ϫ single-leg blood flow, and doubled to determine two-legged V O2. O2 delivery (l/min) was calculated as: O2 delivery ϭ CaO2 ϫ single-leg blood flow.
Blood lactate concentration ([LA]blood) was measured by the enzymatic membrane method (model 1500, Yellow Springs Instruments). Using arterial and venous plasma lactate concentrations, with corrections for single-leg blood flow, "net lactate release" was calculated as: net lactate release ϭ ([LA] vein Ϫ [LA]artery) ϫ single-leg blood flow ϫ (101 Ϫ (Hct/100)), where LA is lactate and Hct is hematocrit.
Experimental protocol. After completion of the catheterization procedure, each subject performed submaximal exercise for 4 -6 min, at a WR equivalent to 60% of their V O2peak, while maintaining a cycling cadence of 60 rpm. No blood gas or leg blood flow measurements were made within the first 2-3 min of exercise; blood gas and leg blood flow measurements were only taken when a plateau in pulmonary V O2, defined as no change in V O2 over time, was evident. On average, arterial and venous blood samples as well as single-leg blood flow took ϳ1 min to acquire, and then these measurements were repeated. To determine work efficiency [WR/(V O2 Ϫ resting V O2) ϫ 100], both pulmonary V O2 and WR were converted to kilojoules, as previously cited (17, 31) , and expressed as percentage change.
Thigh volume measurement. Thigh volume was calculated using thigh length, circumference, and skinfold measurements, allowing for an estimate of quadriceps femoris muscle mass, as previously suggested (3, 18) .
Training intervention. Subjects performed an 8-wk training regime (3 sessions per week, resulting in 24 total training sessions) that was individually monitored in the laboratory. During this time, subjects were instructed to continue with their standard cycle training. The strength training sessions consisted of four sets of four repetitions with a focus on the rate of force development during the concentric phase of the movement. The load corresponded to 85-90% of the subjects' respective 1RM, with 3 min of recovery between sets. Loads were increased by 2.5 kg each time a subject could perform a fifth repetition during a set.
Statistical analyses. Pre-and posttest differences were analyzed using paired-sample t-tests. Statistics were computed using commercially available software (Graph Pad, San Diego, CA). Variables were considered significantly different when P Ͻ 0.05.
RESULTS
MST and adherence. All subjects successfully completed the pretesting and attended all 24 training sessions over the 8-wk MST program (100% compliance); however, a single subject was unavailable for posttesting due to circumstances beyond their control that were unrelated to the study. Therefore, all data reflect only the five subjects who completed the entire study.
Strength parameters. Following MST, 1RM of the subjects improved by ϳ28%, in addition to a ϳ23% improvement in the rate of force development. No differences in thigh volume, quadriceps muscle mass, or body mass were documented as a consequence of the 8 wk of MST (Table 1) .
Maximal cycling exercise. Subjects exhibited subjective exhaustion (Borg rating of perceived exertion ϭ 19 -20) within 9 -12 min during the graded exercise test. Following MST, there were no significant differences in either WR peak or pulmonary V O 2peak (Table 2) .
Submaximal cycling exercise. As neither WR peak nor V O 2peak was altered by the MST, 60% of V O 2peak pre-and post-MST remained unchanged (237 Ϯ 23 W). Post-MST, performing this submaximal WR, subjects exhibited a significantly lower pulmonary V O 2 and a significantly enhanced work efficiency (Fig. 1 ). This was accompanied by a significantly lower singleleg blood flow and an unchanged a-vO 2diff , which, in turn, resulted in a significantly lower single-leg V O 2 (Fig. 2) . The calculated change in two-legged V O 2 was similar to the change in pulmonary V O 2 (Fig. 3) . Additionally, neither MAP (102 Ϯ 4 to 103 Ϯ 4 mmHg) nor lactate release (373 Ϯ 33 to 352 Ϯ 120 mmol/min) were significantly different from pre-to post-MST, respectively.
DISCUSSION
Although MST has been documented to reduce pulmonary V O 2 at a given submaximal exercise WR, the contribution of skeletal muscle V O 2 to this change in efficiency is unclear. Therefore, the goal of this study was to determine to what extent the MST-induced increase in work efficiency is mediated by an improvement in intramuscular efficiency and, if muscle is a significant contributor, what is the impact on skeletal muscle blood flow and a-vO 2diff . The major finding of this study was that the reduction in pulmonary V O 2 following MST was exclusively the consequence of an improvement in the efficiency of the exercising skeletal muscle. As a consequence, a-vO 2diff across the active muscle bed was unchanged while skeletal muscle blood flow was significantly reduced. Mechanistically, these data identify the adaptations to the trained skeletal muscle, and the subsequent improvements in work efficiency induced by MST, as the sole contributor to the post-MST reductions in pulmonary V O 2 and rule out centralized changes in efficiency, such as adaptations in cardiac or respiratory muscle.
Skeletal muscle efficiency, blood flow, and a-vO 2diff . MST is associated with a reduction in pulmonary V O 2 (Fig. 1) . Whether this is due to improvements in efficiency of the trained skeletal muscle or adaptations external to this localized region was previously unknown. The trained skeletal muscle has now been identified as the site of this improved work efficiency (Figs. 2 and 3 ). This study employed direct a-v blood gas and blood flow measurements across the muscle bed to better understand the impact of MST on skeletal muscle oxidative metabolism. As described by the Fick equation, skeletal muscle V O 2 is the product of blood flow and a-vO 2diff , with skeletal muscle blood flow being tightly linked to O 2 supply as documented by studies investigating the alterations in skeletal muscle V O 2 and its components, in the presence of differing concentrations of inspired O 2 . For example, in mild hypoxic conditions, skeletal muscle blood flow has been documented to increase in order to compensate for the reduced O 2 carriage while a-vO 2diff remains constant and therefore V O 2 remains unaltered (35) . In hyperoxic conditions, the opposite occurs; skeletal muscle blood flow decreases while a-vO 2diff remains constant and again muscle V O 2 is unaltered (44). However, skeletal muscle blood flow is tightly linked not only to O 2 supply but also to O 2 demand (32, 33) and therefore the documented reduction in exercising muscle blood flow following MST is consistent with the conclusion that metabolic demand has been reduced in the skeletal muscle as a consequence of the MST.
Although more complete, the current data contrast with a prior study by our group in which we examined the effect of the MST-induced increases in work efficiency during arm exercise, assessed by pulmonary V O 2 , and found arm blood flow to be unchanged (19) . Although, by experimental design, Values are means Ϯ SE; n ϭ 5 subjects. MST, maximal strength training. *P Ͻ 0.05 vs. pre-MST. Values are means Ϯ SE; n ϭ 5 subjects. V O2peak, peak O2 uptake; WRpeak, peak work rate. Values are means Ϯ SE; n ϭ 5 subjects. *P Ͻ 0.05 vs. pre-MST. the prior study focused upon small muscle mass exercise training and testing, and thus the role of the centralized adaptations would be minimized, the lack of a direct assessment of muscle V O 2 limited the confidence with which we could interpret the data. However, based upon the current conclusion that skeletal muscle is, indeed, the major contributor to the MST-induced increases in mechanical efficiency, these two studies raise the question as to whether there are limb-specific differences in the way skeletal muscle deals with such a change in work efficiency. Specifically, in the current study, comprehensive data collection reveals that MST resulted in decreased metabolic demand for a given work rate which resulted in a reduced skeletal muscle blood flow and subsequently a reduction in O 2 delivery (Table 3 ). In contrast, with arm exercise (19), the unaltered blood flow, as a consequence of MST, suggests (although not measured) that a-vO 2diff was reduced.
Although potentially complicated by the small versus large muscle mass approach in these two studies, this is not the first time that arm-and leg-specific differences have been found in terms of metabolic and vascular responses (4, 5, 24, 25, 45) . Recent work, investigating limb-specific regulation of blood flow during incremental arm or leg exercise, revealed that for a given local V O 2 , leg vascular conductance was five to six times greater than arm vascular conductance (4). Interestingly, although the leg revealed the expected intensity-dependent increase in leg O 2 delivery the arm did not, indicating that the arms rely much more upon an increase in oxygen extraction to achieve exercise-induced increases in VO 2 . In light of these limb-specific differences in vascular and metabolic regulation during exercise, further investigations are necessary to determine the mechanisms that may contribute differentially to MST-induced improvements in work economy in the upper and lower limbs.
The role of cardiac and respiratory muscle adaptations to MST. While this study has documented skeletal muscle as apparently the only site contributing to the improvement work efficiency following MST, improvements in efficiency of other muscle groups, such as cardiac and respiratory muscle, could conceivably also have played a role. In terms of the heart, resistance training has been linked to structural alterations of the left ventricle such as increases in left ventricular wall Values are means Ϯ SE; n ϭ 5 subjects. CaO2, arterial O2 content; CvO2, venous O2 content; Hb, hemoglobin; SaO2, arterial Hb O2 saturation; SvO2, venous Hb O2 saturation; PaO2, arterial partial pressure of O2, PvO2, venous partial pressure of O2; Hct, hematocrit. *P Ͻ 0.05 vs. pre MST.
thickness (8, 10) and left ventricular mass (8, 10, 37) . However, these cardiac muscle adaptations appear to have little effect on systolic (21, 23, 28) and diastolic function (7, 8) . Much like hemodynamic changes during resistance training stimulate adaptations to cardiac muscle, alterations in the work of breathing due to resistance training could lead to adaptations in respiratory muscle function that improve exercise performance. Indeed, our group has documented that in patients with chronic obstructive pulmonary disease, a population that could benefit greatly from improvements in pulmonary function, there was an MST-induced increase in expiratory capacity which correlated with the augmented rate of force development (17) . However, the exercise performance benefits of improving pulmonary function have not been consistently documented in healthy people (38) .
Although not unreasonable hypotheses to help explain the increased work economy afforded by MST, the current data do not support the involvement of cardiac and respiratory muscle in this phenomenon. Specifically, recognizing that two very different approaches were used to assess whole body and leg V O 2 and therefore direct numerical comparisons may not be completely justifiable, the difference in two-legged V O 2 attributed to the MST accounts for all of the effect recorded at the mouth in the form of pulmonary V O 2 (Fig. 3) . Thus this study reveals that the increase in work efficiency documented in the exercising muscle appears to exclusively account for the changes in pulmonary V O 2 . This tight relationship between pulmonary V O 2 and leg V O 2 was previously documented 20 years ago (20) , and therefore, although interesting, the current determination that the change in pulmonary V O 2 due to MST stems from the muscle should not be surprising.
MST and skeletal muscle adaptations. Despite more than a decade since the recognition that MST can alter exercise economy and the application of this training approach to numerous healthy and diseased populations (14 -17, 19, 27) , to our knowledge, this study is the first to directly document the significant contribution of skeletal muscle. There are several adaptations which likely occur after high-intensity resistance training which might induce an improvement in the work efficiency of exercising skeletal muscle. First, following highintensity resistance training there is a reduction in myosin heavy chain IIb and an increase in myosin heavy chain IIa (2, 40) . This alteration in myosin heavy chain composition mirrors the change in fiber type composition, with a reduction in the percentage of type IIb fibers and an increase in the percentage of type IIa fibers (2) . These alterations would reduce the metabolic cost related to muscle tension and enhance contractile efficiency (13) . However, it should be noted that a shift in metabolism to a more aerobic fiber type is not supported by the unchanged lactate efflux from the exercising muscle bed in this study. Second, following high-intensity resistance training, less muscle is required to lift a given absolute load, as documented by a reduction in magnetic resonance image contrast shift (29) . Such a reduction in muscle recruitment is associated with an alteration in metabolic demand (1, 11) . Third, the kinetics of force development can also play a role in altering metabolic demand of the exercising muscle (36) . Specifically, during the course of a muscle contraction, metabolic cost is greatest at the beginning of the contraction, while muscle shortening is being initiated compared with the maintenance phase of the contraction (36) . As documented in this study (Table 1 ) and many others (15) (16) (17) , MST induces an increase in the rate of force development. Possessing the capability to generate force more rapidly, lengthens the portion of the contraction phase devoted to the maintenance of developed force, thus, potentially reducing the metabolic demand of the muscle, and enhancing intramuscular efficiency during exercise. Although the current study cannot differentiate between these and MST-induced adaptations, it is highly likely that the changes in work efficiency in the skeletal muscle are, in fact, multifactorial in nature, but this remains to be documented.
Limitations. A limitation of the present study is the fact that a control group was not incorporated into the study design. This was due to the invasiveness of the study, which would have required repeated insertions of femoral artery and venous catheters into a control group of subjects. However, it should be noted that in previous studies by members of our group, control groups have been incorporated into the study of MSTbased responses (15, 41) , and have documented no change in work efficiency as a consequence of pre-and posttesting and time. A further limitation to the study design was the fact that it did not unveil mechanistic insight into factors contributing to the reduction in exercising muscle blood flow following MST. Two potential mechanisms contributing the MST-induced changes in work economy are an improved matching of blood flow to V O 2 , as well as alterations in Group III-IV muscleafferent activity and reflex changes in sympathetic outflow. However, MST-induced changes to the autonomic nervous system appear to be highly unlikely due to the lack of a change in arterial blood pressure during submaximal exercise following MST. Additionally, while the documented reduction in pulmonary V O 2 during submaximal exercise seems to be primarily due to improvements in efficiency of the exercising skeletal muscle, we cannot rule out the possibility that MST resulted in changes in pulmonary and cardiac muscle efficiency during exercise. However, based on the similar magnitude of change in both leg and pulmonary V O 2 , such changes are likely of little significance.
Conclusions. This study has confirmed that MST results in an improvement in work efficiency assessed by gas exchange across the mouth and that this is exclusively a consequence of reduced O 2 utilization by the working skeletal muscle and cannot be attributed to changes in cardiac or respiratory muscle efficiency. Although this study was able to document that the change in skeletal muscle V O 2 was achieved by a reduction in single-leg blood flow and no change in a-vO 2diff , the actual intramuscular mechanism responsible for the increase in skeletal muscle efficiency remains to be elucidated. R.S.R. approved final version of manuscript; J.H., P.D.W., and R.S.R. conception and design of research; J.H., P.D.W., and R.S.R. performed experiments.
